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I. INTRODUCTION

This report describes the basic development of a flush-mounted

antenna with a cardioid pattern and a 25% bandwidth. By use of diode

switches, the beam can be directed in four directions. However, the

feed system can be relatively easily modified to scan in 450 steps.

The simplest and most widely known method of producing a cardioid

pattern is to place two dipoles (or monopoles) at a distance of one

quarter wavelength and feed them 900 out of phase, see Figure 1. However,

this approach could not be used in the present situation for essentially

two reasons:

1. The antenna must be flush-mounted on an airplane.

2. The bandwidth must be 25%.

The first of these discrepancies can be resolved by using a flush-

mounted cavity which is excited either by monopoles or loops, see Figure

2. The number of these depend on how we wish to steer the beam. The

second problem also leads us to consider an alternate approach as illus-

trated in Figure 3. Here we have mounted four loops in the cavity and

* fed them with a linear phase delay of 3600 around the circumference,

i.e., the four loops are excited with the phases 0°, 900, 1800 and 2700.

Further, we have in the center of the cavity mounted a top-loaded monopole.

Further, we have a top loaded monopole mounted in the center of the cavity.

The radiation pattern in the horizontal plane of the four loops

will be omnidirectional and so will the pattern of the monopole. However,

while the phase of the radiated signal from the monopole will remain

constant as we go around the antenna in the horizontal plane, the phase

of the signal from the four loops will change 3600. Thus, at some direction

the signal from the four loops and the one from the monopole will be

out of phase. If at the same time the amplitudes of the two signals

1



-900 00

Figure 1. The well known way of producing a cardioid Pattern:
Two monopoles fed in quadrature and spaced X/4 apart.

INSIDE WALL

- 90 °  00 DES IGN I

Figure 9. An alternate way to produce a cardioid pattern:
Two loops located in a flush mounted cavity. Design I.
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Figure 3. Four loops fed in phase progression with a monopole
in the middle can also produce a cardioid pattern. The

beam can be steered by changing the relative phase
of the monopole. Design Ila.
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are equal, we will obtain a null in the combined radiation pattern in

that direction. By changing the phase relationship between the monopole

and the four loops, we are able to steer the beam in the horizontal

plane. A fundamental advantage of this configuration as compared to

the one in Figure 2 is that no coupling exists between the monopole

and the four loops, while a strong mutual coupling is present between

the two excited loops in Figure 2.

A variation of the approach in Figure 3 is shown in Figure 4.

Instead of exciting all four loops, we are here exciting only two

opposing loops 1800 out of phase. Thus, the radiation pattern from

these two loops will be a figure eight as indicated in Figure 4. If

we now adjust the phase of the monopole such that the two signals cancel

in the back direction, a null is obtained while a maximum is obtained

in the front direction.

The advantage of the approach in Figure 4 is that it yields a

broader null than the one in Figure 3, and also a higher gain. However,

while the Figure 3 approach can easily be scanned continuously in the

horizontal plane, the approach in Figure 4 rotates in 900 steps (or

450 steps if the loops are excited in pairs).

In the following we shall investigate these various designs in

more detail; in particular the one given in Figure 4.

4
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DESIGN 11 b

COMBINED
CARDIOID

' LOOP I + 3

'**- MONOPOLE

Figure 4. Same antenna as in Figure 3 but exciting only
loop 1+3 and the monopole resulting in a sharper

cardioid pattern. Design llb.
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If. DESIGN I

)esign I shown in Figure 2 consists of four loops mounted in a

civity. Only two opposing loops are excited at a time and by controlling

the i'elationship between these two active loops we c~n obtain a null

either to the left or right along the line connectinl the two active

loops. The other two loops are simply not connected. They are of course

being parasitically excited and in order to minimize this effect they

must be reactively loaded as explained later.

However, before attempting to phase the two loops they must first

!e properly matched. A direct measurement of a single loop mounted

in the cavity as shown in Figure 5 showed a very bad impedance as indicated

in Figure 6, curve a. Enlargement of the loops produces a typical im-

pedance curve b, i.e., pushed it around somewhat on the Smith chart

without much improvement as one might expect. However, if we enlarge

the center post from a diameter of " to 2 " (and retain the original

loops) we obtain curve c in Figure 6, which shows some improvement.

Although the accuracy of the various curves in Figure 6 is rather poor,

it was later confirmed by curves transformed to the central part of

the Smith chart that a conducting body mounted in the center of the cavity

increased the bandwidth potential of the loops significantly. The exact

caijse of this observation is not clear at this time, but is believed to

b, rolat.ed to elimination of part of the stored energy surrounding the

loops.

It is recognized that the presence of a center conductor permits

the lowest order coaxial mode to propagate out of the cavity and also

that this particular mode is indeed being excited by the two opposite

loops excited 1800 out of phase. However, it was repeatedly observed

that it was the distance between the loops and the center conductor

in the cavity that gave the improvement in impedance, not the actual

diameter of the center conductor which determines the cut-off frequency

of the coaxial mode.

6
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Obviously some matching network has to be introduced at the loop

terminal in order to bring the impedance down to a lower impedance level.

It is important here to remind the reader that any successful matchin-

usually is preceeded by reversing the impedance curve, i.e., instead

of the impedance curves moving clockwise on the Smith chart with increasing

frequency, we should try to make them run counter clockwise (obviously

this is only possible over a limited frequency range). Since transmission

lines and many other components naturally run clockwise on the Smith

chart with increasing frequency, a natural compensation of a reversed

impedance curve may take place.

Reversing of the typical impedance curves in Figure 6 can be accom-

plished in a number of ways. One of the simplest approaches consists

of the insertion of a series capacitance. Typically this would move

curve c in Figure 6 into a typical curve d which, when observed from

the center of the Smith chart, is seen to run counter clockwise as a

function of frequency. In our present situation we have chosen that

approach with one minor modification; instead of inserting a series capaci-

tance directly at the output terminals yielding curve "d" we inserted a

series capacitance at the 900 bend (point A in Figure 5). There are two

reasons for this:

a. It is mechanically convenient.

b. The impedance as seen at point A in Figure 5 by the capacitor

will be moved slightly counter clockwise on the Smith chart

as compared to the impedance seen directly at the input

terminals. This may be important if the loop impedance is

of the general form represented by curve b in Figure 6 where

a series capacitor would be ineffective in reversing the

impedance curve for frequencies above 1200 MHz.

9
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The construction of a loop with a series capacitance is seen in

F iqur, 7. By screwing the horizontal rod A further into the hole of

BRASS BLOCK WITH HOLE TEFLON SLEEVE C

A

_ III

Figure 7. The mechanical design of loops containing a series
capacitance created between rod A and the hole in

the brass block lined with a teflon sleeve C.

the brass block attached to the top of the vertical rod B, the capaci-

tance is increased. The hole is seen to be lined by a dielectric teflon

sleeve C providing a good sturdy mechanical design. The effect of varying

the capacitance upon the input impedance of a single loop is illustrated

in Figure 8. All four loops were provided with N-connectors, and the

input impedance of a single loop measured with the other three loops

opencircuited. Also shown in Figure 8 is the beneficial effect of a

dielectric slab put about ;" on top of the loops and simulating a radome.

We should emphasize that the input impedances shown in Figure

8 are only typical since they depend very much on the load condition

of the other three parasitic loops. This is demonstrated in Figure

9 where we show the input impedance of a single loop with the other

three loops opencircuited as in Figure 8 but also with the three loops

short circuited. The big difference in impedance between the open and

10



Figure 8. The input impedance of a single loop for positions
of the capacitor shown in Figure 7. The
other three loops were open circuited.
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ITHREE LOOPS
OPENCI.

-SHORT, IRC./

Figure 9. The input impedance of a single loop for fixed
capacitance but with the other three loops being

open circuited or short circuited.
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short circuit impedance case is a testimony to the very strong mutual

coupling that ultimately would be the Waterloo for this approach (but

not for another version).

Thus, although the present design fell short in meeting the entire

spec, we nevertheless feel it would be of interest to report the results

before moving on to present another design that did meet the specifications.

In Figure 10 we show a schematic depicting how the four loops were fed.

Note that there are four input ports, and adjacent to each is a V4-trap

terminated in a switching diode. When this diode is conducting, the

other end of the /4-trap attains a high impedance and a signal will

flow freely on the line. If on the other hand the diode is open, we

will obtain a short curcuit at the other end of the 14-trap, and no

signals can flow on the line. Note further, that the \/4-traps are

positioned V4 away from the lines connecting two opposing ioops. This

insures no "disturbance" on this interconnecting line when the X/4-trap

produces a short circuit at the input terminals (i.e., diodes open).

Finally, the point where the input line attaches to the line connecting

two opposing loops is important in as much as it determines the phase

and amplitude ratio between two opposing loops, i.e., their radiation

pattern. This optimum position was found after some experimenting and

a typical set of radiation pattern is shown in Figure 11. Note that

the scale is linear, i.e., the front-to-back ratio is only of the order

of 10-14 dB. Considering that our design goal was 20 dB, it was decided

to tune the antenna up to the absolute maximum front-to-back ratio.

To this end we mounted two monopole antennas at the edge of the standard

4' circular groundplane, one in front and the other in back direction.

By measuring the ratio between the voltages induced in the two monopoles

from the antenna, we obtained the front-to-back ratio in the neir field,

which turned out to be remarkably well correlated with the far field

values. The maximum FB-ratio was now obtained by varying two parameters,

namely:

13



ILOOP I I

-X/4 LJ -2

-X/4---.

CAXIAL
S WITCH

INPUT

Figure 10. The strip lines that feed the four loops via a
coaxial switch. Quarter wave traps terminated in

diodes activates one set of loops only.
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Figure 17. The radiation pattern of the first version
of design I. Front-to-back ratio is insufficient

(note linear scale).
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A '!ling contact as shown on the insert of Figure 12.

2. A stub adjustable in length and mounted approximately )18

away from the sliding contact, see insert in Figure 12.

Adjustment of the sliding contact effects essentially the phase

ratio between the two active loops, while adjustment of the stub affects

their amplitude ratio and as is illustrated in Figure 12, it was indeed

possible to obtain "infinite" high FB-ratios at one specific frequency.

As can also be seen in Figure 12, however, the bandwidth is lacking

considerably. This appeared to be the case with several combinations

of line length between two opposing loops, variation of the characteristic

impedance and for various loadings of the two other loops. Typical

far field radiation patterns are seen in Figure 13 which again indicate

the narrow bandedness of this design, although very high FB-ratio can

be obtained at one frequency.

After some further frustrating experimentation, it was decided

to abandon this design. However, it was decided first to gain some insights

into why this antenna was so narrow banded patternwise, while the com-

bined input impedance of the two loops was very nicely within 2:1 (VSWR)

over the entire band (1.0-1.25 GHz). To that end we decided to measure

the input impedance of each of the two loops 1 and 3 under working

condition, i.e., the input impedance consisting of the self impedance

plus the mutual impedance multiplied with the current ratio 11/13.

The setup is shown in Figure 14 and is seen to consist of a generator

feeding one loop through a Smith chart plotter and the other loop through

an attenuator and trombone. The two latter are adjusted for maximum

FB-ratio at each frequency as being monitored by the two monopoles mounted

close to the edge on the 4' ground plane. The impedances of the two

loops are shown in Figures 15a and b for a number of load conditions

of the two parasitic loops. Note that the impedance of the loop in

16
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I50a

40 - ' PHASE

LOOP3 2 "1c m  LOOP I

50.375" 2.4 cm

30 1 POWER
_ NO.4cm DIVISION

"25-
ir

U,- = I
20 II

,I!
15- r,

10 
CARDIO

NULL TUNED
@1) 030 MHz

5 CARDIOD

0 -j 1040MHz

950 1000 1050 1100 1150 1200 1250 1300

FREQUENCY (MHz)

Figure 12. The FB-ratio obtained by feeding two loops as shown in

insert. The sliding contact adjusts the phase, the open circuit

stub power division between the two active loops. The

two passive loops are terminated in open circuited
transmission lines 0.8 cm long.
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Figure 13. Typical radiation pattern for design I when FB-ratio
is peaked at one frequency as shown in Figure 12.
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4 CIRCULAR GROUND PLANEPROBE 4'CIR U A PROBE,,X

SMITH CHART

PLOTTERATTENUATOR

3dB HYBRID

FB - RAT IO

Figure 14. The loop currents 13 and I] are adjusted for max.
FB-ratio by varying phase an amplitude to loop 1. Then
the impedance for loop 3 is read on the network analyzer.
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LOOPS

Figure 15a. The input impedance of the front and back loops with

their current ratio adjusted for maximum FB-ratio as shown

in Figure 14. The two parasitic loops are reactively

loaded with open circuited transmission
lines of length 9. as shown.

20

Vi

J '-V



PARASITE
"- .. OPEN

.. _U-CIRCUIT

0 "Ig o

# . .. FRONT BACK

LOOP LOOP

Figure 15b. The input impedance of the front and back loops with
their current ratio adjusted for maximum FB-ratio as shown

in Figure 14. The two parasitic loops are reactively
loaded with open circuited transmission lines

with gap g as shown.
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l h, ,)rard direction is always behaving relatively nicely while the

impedance of the loop in the backward direction is so bad that it sometimes

is outside the Smith chart. As mentioned above, these impedances are

obtained for maximum FB-ratio, and although this condition constitutes

an ideal situation, it seems fairly safe to conclude that matching the

back loop to a VSWR<2 across the band 1.0 to 1.25 GHz is pretty much

out of the question. (A VSWR<2 of each loop is about what is required

even if we obtain a helping hand from a hybrid.)

11. DESIGN II

Although the results revealed above represent only a small portion

of a rather long series of experimental work, we may quite safely conclude

that the lack of pattern bandwidth can be traced back to a very strong

mutual coupling between the loops in the cavity. It was further felt

that the asymmetric nature of design I was primarily to blame for this

calamity. Consequently we concentrated on obtaining a more symmetrical

design, namely as shown in Figure 16. It consists of four loops similar

to design I above, however, in addition it has a top loaded monopole

mounted in the center. In addition any two opposing loops are always

excited with currents being equal and exactly 1800 out of phase. This

assures that the coupling between the monopole and any two opposing

pairs of loops will ideally be zero. The cardioid shaped pattern is

now created in the following way:

If we feed the four loops with equal amplitude but with a pro-

gressive phase, namely 00, 900, 1800 and 2700, it can be shown that

the radiation pattern for these four loops will essentially be circular

in the horizontal plane provided the average cavity diameter is less

than x,.6X. So will of course the radiation pattern of the monopole

in the middle. However, if we would record the phase of the far field

of the monopole as we move around the antenna once at a certain distance,

we would find it to be constant, while the phase of the field from the

2?



rr

GROUND PLANE

'PUSH PUSH TRAP

B ALU N

0 0

Figure 16. Design II consisting of four loops with a monopole
in the middle. Feeding opposing loops in %eries from a balun

assures the two loops to be exactly 180 out of phase.
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TOTAL PATTERN

LOOP I+ M L

-- MONOPOLE

(a)

TOTAL PATTERN

i LOOP T M

MONOPOLE

(b)

Figure 17a. The cardioid pattern created by the monopole
pattern and all four loops.

b. The cardioid pattern created by the monopole
pattern and only two loops.
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, = I0

M 10

Figure 18. Calculated radiation pattern for the
two versions of Design II.

Curve a: Monopole and all four loops fed in phase
= rotation (Design Iha)

Curve b: Monspole and just two opposing loops fed
180 out of phase (Design lib).
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.ir loops would change by 3600. Thus, at a certain direction in the

horizontal plane the "Loop-field" and the monopole field will be exactly

in phase while they, in the opposite direction, will be exactly out

of phase. If further the two fields are of the same magnitude, a complete

cancellation will take place in this direction.

A more complete understanding is perhaps best obtained by inspection

of Figure 17a. HPre we show the two figure eight pattern from loop

pair 1+3 and 2+4. Since they are fed in quadrature they will combine

into a circular pattern coinciding with the monopole pattern in amplitude.

The total pattern also shown in Figure 17a can be obtained by simple

use of phasors. It is also clear by inspection of Figure 17a that loops

2+4 not only "waste" all their radiated power out to the sides of the

radiation pattern but also deliver no energy in the forward direction.

Consequently we might as well not excite loop 2 and 4 and thus arrive

at the modified pattern shown in Figure 17b (Design lIb). If we compare

the two patterns in Figure 17a and b, we note that curve a is down only

3 dB at b=+90 ° , while curve b is down 6 dB in the same directions.

What is perhaps even more important is the fact that the null in the

back direction is considerably broader for curve b than for curve a.

In fact a more exact set of curves from Reference [I] and shown in Figure

18a and b bears this statement out very well. Whats more, curve "b"

has more directivity than "a" (estimated to P2 dB). On the other hand,

the advantage by design Ila is that if we continuously change the

phase difference between the group of four loops and the monopole, the

null in the back direction will continuously rotate correspondingly

in the horizontal plane, while design Ilb is more suitable for stepwise

rotation. However, when we consider that design llb is lower than 15

dB over an angular sector larger than 900 (see Figure 18 curve b), this

drawback becomes less important. Based on the above considerations,

we decided to actually develop model Ilb which would be somewhat simpler,

lighter and cheaper to build because we would not need a special 3 dB

900 hybrid feeding the two sets of loops. It should also be emphasized

that design lib could always be relatively easily modified into design

Ila if it later was found desirable.

26



IV. DEVELOPMENT OF DESIGN lib

Design lib can be considered as made of two subantennas interlaced

into each other, namely one subantenna consisting of two loops producing

the figure eight pattern and the monopole producing the omnidirectional

pattern. In order to produce a perfect figure eight pattern, the two

opposing loops are fed in series rather than in parallel. This will

assure that the two loops are always fed 1800 out of phase as illustrated

in Figure 19a. For contrast we also in Figure 14b show the two loops

being fed in parallel leading to in phase feeding. [The notation in phase

and out of phase refers here to a cylindrical coordinate system with

vertical axis.]

Feeding the two loops 1800 out of phase as in Figure 19a requires

the use of a balun. The first model is shown in Figure 20a. It can

be viewed as a strip line version of the coaxial version shown in Figure

20b which has been used earlier by one of the authors with excellent

results. Basically it consists of two transmission line sections each

of length rV4. They are grounded at their far ends to the ground plane

where the unbalanced input is located. By connecting the inner conductor

to the opposite outer conductor as shown, we obtain the balanced output

in the middle of the construction.

As mentioned above, the coaxial version of this balun has been

used before; however, the strip line version shown in Figure 20a was

less than successfull; it radiated. In an attempt to eliminate this

problem we modified the stripline design into a microstrip design, however,

to no avail. Also, moving the two outer conductors closer to the ground

plane only showed minor improvements, if any. We also thought that

perhaps the unbalanced input leading from the balun to the right edge

of the ground plane in Figure 20a could somehow excite the entire "ground

plane" which consisted merely of slightly more than the cavity bottom

(i.e., a 8x8" square). To this end we remounted the input connector

27
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(a)

I(b)

Figure 19a: Two opposing loops being fed 1800 out
of phase by being fed in series
(requires a balun).

b: Two opposing loops being fed in phase by
being fed in parallel.
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at the edge of the ground plane as before but this time in the plane

orthogonal to the plane of the balun. Since this plane is electrically

neutral, it was considered a better place to mount the input connector,

however, again this move was disapointing.

We finally J-rided that the ground plane available was too small

for this type of balun to work satisfactorily, and we consequently decided

to change to another type balun. Although this new type ultimately

proved successful as we shall see below, we are in retrospect not quite

sure that putting the blame on the size of the ground plane was correct.

The fact is that the new balun also radiated independently of the ground

plane but was subsequently brought under control as explained later.

The new type of balun is shown in Figure 21 and is seen to be

merely a strip line version of the well known Roberts balun. This type

will provide a balanced output from "DC" up to frequencies when the

transmission line deteriorates because of higher modes. Its bandwidth

limitation in practice is determined by the fact that the length of

the slit should be approximately an odd multiple of a quarter wavelength

in order not to affect the impedance properties of the antenna connected

to the balanced output. This was no limitation in the present case

(.P?5%), in fact the reactance from the slit in parallel with the antenna

impedance at the balanced output can often be designed to make the

combined "distorted" impedance more broadbanded than the antenna impedance

alone.

When this new balun was connected to a single pair of loops, we

obtained quite acceptable radiation pattern, i.e., nicely shaped symmetric

figure eight with more than 20 dB deep nulls. However, when we next

started taking pattern of the monopole in the middle (see Figure 16)

we ran into a multitude of problems.
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Figure 21. The second balun which is merely a strip line
version of the well-known Roberts balun.
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First of all, the radiation pattern of the monopole was not omni-

directional but oval shaped (at least at some frequencies). Secondly,

the balun was "hot", i.e., it radiated. The first problem was caused

by the parasitic excitement of the two loops. The second was caused

by the fact that the voltages induced in the two loops from the monopole

was in phase rather than 1800 out of phase. This phenomenon is illus-

trated in Figure 22. We observe that while the push push mode with

actually never will enter through the balun to the unbalanced input

terminal, they will excite the entire balun in a push push mode with

respect to ground (i.e., the circuit board in Figure 22).

The parasitic excitation of the loops leading to a distorted pattern

of the monopole will of cours-e-depend very much on the load condition

of the loops. It was determined experimentally that short circuiting

the two loops close to these inputs to ground (i.e., at point A and

A' in Figure 22) produced the best monopole pattern. In other words

what was needed was a device which would short circuit the loops to

ground when the voltages on the two loops produced push push currents

as shown in Figure 22, while it would let the push pull currents produced

by a voltage at the loop input pass unobstructed.

A. The Push Push Traps

This action can possibly be accomplished in a number of ways.

However, we believe the simplest and most direct approach consists of

merely connecting the two loops with a transmission line of length

,PX/2. This is illustrated in Figure 23 and works as follows:

Imagine first that a push push signal is applied to the "balanced"

input (coming from the loops, or whatever) as illustrated in Figure

23a. From each end of the interconnecting cable a wave will now travel

toward the center where the two voltages will meet in phase, i.e., add

together just like the interconnecting cable was open circuited at this
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OPENClIRCIT

+ +

(a)

SHORTCIRCUIT

(b)

Figure 23. The working of the Push-Push Traps.

a: A push push signal will cause voltages to
meet in phase in the middle of the inter-
connecting cable resulting in an
electrical short-circuit at the loops.

b: A push pull signal will cause voltage to meet
out of phase in the middle of the inter-
connecting cable resulting in an electrical
open circuit at the loops.
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point. Since the distance from this "open circuit" to the two ends

is x/4, we will at the two endpoints obtain the equivalent of a short

circuit, i.e., the push push mode on the transmission line will be stopped.

On the other hand, if a push pull mode is applied to the input as shown

in Figure 23b, the voltages meeting at the center of the transmission

line will now be 1800 out of phase, i.e., they will cancel producing

an equivalent short circuit at the center of the inter-connecting cable.

Consequently an equivalent open circuit is produced at the two ends

of the interconnecting cable and the push pull mode on the feeding lines

will pass unobstructed.

In the practical execution of the push push traps we used RG-58U cable

stripped of the PVC coating. Care should be taken to ensure good contact

between the braids and the ground plane to prevent the trap from radiating.

B. The Actual Layout

We are now ready to show the strip line layout of the antenna

circuitry as shown in Figure 24. There are two inputs (to be combined

later) namely one for the monopole and one for the loops. The latter

is as explained earlier at the balun and from here the balanced output

is seen to be connected to all four loops. However, only one set of

loops should be excited at a time and this is accomplished in the following

way:

To each of the four loops is connected a transmission line X/4

long (switching traps) which is terminated in a switching diode. When

a pair of diodes are open (i.e., non conducting), we obtain short circuits

at these two loop inputs, i.e., the energy cannot be radiated by these

particular loops. Contrary, if a pair of diodes acts as short circuit

(i.e., conducting), the impedance of the switching traps at the loop

inputs is infinite and will permit energy transfer between the loops

to the feeding lines. Note an additional feature in Figure 24, namely
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MONOPOLE '

ILOOP INPUT

Figure 24. Bottom view of the actual layout of the circuit
board feeding the monopole and the four loops from

the balun. Also note the switching traps
activating the loops. In the model
screws were used instead of diodes.
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that the transmission lines from the loops to the two branch points

B and B' are all rX/4 long. The reason for this is simply that when

the switching traps act like short circuits at the input of one set

of the loopq, a high impedance will be produced at point B, i.e., the

energy transfer to the other set of loops will not be disturbed.

C. Phase Reversal in the Balun

As can be seen from the description above, the switching traps

determine which set of loops is going to be radiating. If we further

excite the monopole with proper amplitude and phase, a beam will be

formed in one of the four directions East, West, North or South. In

order to shift the beam from, for example, North to South, we merely

have to change the phase of loops 2 and 4 180 with respect to the mono-

pole. This could be accomplished by a simple X/2 transmission line

which could be short circuited by a diode. However, due to the relatively

large bandwidth desired ('25%), the electrical length of the transmission

line would probably vary more over the frequency band than could be

tolerated in order to maintain a good null in the back direction of

the pattern (see later). This problem is avoided by performing the

phase switching in the balun as illustrated in Figure 25. Instead of

a single "inner conductor" we have split it up into two in parallel

each of which has a total length of 3/4X. We have further at points

B and B' connected a pair of transmission lines X/4 long and each terminated

in a switching diode. Let us now assume that the diode to the left

is open circuited and the one to the right short circuited. That will

result in a short circuit across the transmission line at point B, while

the energy can pass unobstructed along the feed line going through point

B'. Furthermore, since the distance from point B to the branch point

A is rX/4, the short circuit at B will produce a high impedance at point

A, i.e., the energy will flow freely through the transmission line to

the right. Finally, since the distance from point B to point C (at

the balanced terminal at the top) is rX/2, the short circuit at B will
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Figure 25. A modified Roberts balun provided wit.% switching
traps enabling us to change the phase 180

also produce a short circuit at point C between the "inner and outer"

conductor, which is precisely what is required for the proper operation

of a Robert balun (in fact, the frequency dependence of the rX/2 trans-

mission line will partly compensate for the frequency dependence of

the '9,/4 fork at the balanced output).

By reversing the conducting condition of the two diodes in Figure

25, we can lead the power transfer along the transmission to the left.

The important point is now to note that this will change the phase of

the signal at the balanced output by exactly 1800, i.e., the beam will

38



rotate by 1800 in the horizontal plane. Note further, that due to complete

symmetry of the balun in Figure 25, the frequency sensitivity of the

balanced output is the same for the two phase positions. As we shall

see later, this is important in order to maintain a good null in the

back direction of the radiation pattern.

D. The Final Model of Design lib

We are now going to present measured radiation patterns and imp-

pedances. We shall limit ourselves to what we consider pretty much

as the final development model. Although this was proceeded by numerous

other variations, we have in the previous section attempted to give

more of a background and explanation rather than a substantial collection

of data.

Thus, we first show in Figure 26 a drawing of the antenna to be

delivered. Note in particular that although the previous models were

mostly made with the open micro strip line, this final model was rede-

signed for the closed strip line in order to minimize any radiation

from the feed lines etc. We also note that the cavity is quite deep,

namely 5" (.rX/2). This was done to improve the isolation between the

monopole in the center and two pairs of loops. Mounting the loops

in the same cavity but half way up produced a very serious coupling

problem. This was somewhat startling since it was realized that the
H-field is actually zero here (X/4 away from the cavity bottom). We

believe the reason for this descrepancy was the fact that the loops

were of the unbalanced type ind may have picked up the E-field being

very strong midway up in the cavity. Considerable unsuccessful experi-

menting was done in order to reduce the height of the cavity without

sacrificing the coupling. We finally decided to stay with the 5" cavity

in order to have "something that worked". At the end of this successful

development we decided to go back and attempt once more with our greater
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experience to build a considerably shallower version. Although not

as good as the deep model it looked promising and will be discussed

in more detail in Appendix B.

In Figure 27 we show the radiation pattern for various frequencies

for a set of loops activated and the other set deactivated by the switching

traps as explained above. Note that the radiation level in the front

and back direction is fairly much the same. This is quite important

when we recall that the field from the monopole and the two loops shall

cancel each other simultaneously in both the front and back directions.

A necessary condition is a near perfect balun. While the first

balun described earlier gave us some problems in that respect, we never

experienced any balance problem with the Roberts balun (in its printed

version). What is further of utmost importance for equal front to back

radiation is that the impedances of the two activated loops be equal.

As can be observed in Figure 26, the capacitance on each of the four

loops can be varied individually, i.e., the impedance of each loop varied

in a certain way cf Figure 8. However, rather than to balance the

two capacitors until the same field strength was obtained in front and

back, they were simultaneously adjusted for minimum coupling between

the monopole and the activated set of loops and the best impedance

performance of the loops (on the network analyzer). This approach auto-

matically leads to an acceptable front to back ratio and is much faster

and more accurate than monitoring the fields.

We further note in Figure 27 that the nulls are reasonably deep

and stable. While this in itself is not of utmost importance for the

final pattern since the monopole radiates substantially in these directions,

it is an indication that things are working as intended. It will be

noted that the nulls are most stable and deepest in the middle of the band

while some deterioration is observed at the upper and lower frequencies.

The reason for this again is not any shortcomings of the Lalun but
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Figure 27. Radiation pattern of one set of loops activated
by the switching traps while the other set is

similarly deactivated.0I
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was caused by some radiation from the deactivated set of loops. More

specifically, recall that the switching traps were made by X/4 transmission

lines, i.e., they are perfect only when exactly X/4 long. This conclusion

was arrived at by simply removing the deactivated set of loops. The

radiation pattern null now looked as though it were taken right out

of a text book.

We next show in Figure 28 the radiation pattern of the monopole

alone, and as can be seen it even looks like just that. These patterns

turned out to be some of the most troublesome to obtain. As already

indicated above, the problem was that the loops surrounding the monopole

got parasitically excited causing the radiation pattern of the monopole

to be oval shaped. We determined experimentally that the load condition

of the loops which caused the least disturbance of the monopole pattern

was a short circuit. In fact they should be slightly inductive which

is why the switching traps are placed slightly down the feeding line

as shown in Figure 26. Also close to the loop inputs are the push push

traps discussed earlier. They act like short circuits for any voltage

induced in the loops from the monopole field. Care should be given

to the fact that both the switching traps and the push push traps act

as perfect short circuits at only one frequency due to their physical

length. If these "resonance" frequencies are different for the two

traps, the reactances of the two traps will be of a different sign for

all frequencies between the two "resonance" frequencies. At some specific

frequency they will be equal in magnitude, and a high impedance will

result which will have a most detrimental effect on the monopole pattern.

The final design of the switching and push push traps was determined
experimentally; in particular we should mention that the switching trap

* was modeled by use of conducting tape which could easily be cut to size.

It would in some sense be logical to present the total pattern

made up by the phasor sum of the loop and the monopole pattern. However,

since their individual signal strength depends to quite an extent on

the degree of matching of the monopole and the loops, we shall shortly

digress to present the input impedances of these two components.
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E. The Input Impedance of the Loops

Since the loops used in the present design, lib, are essentially

identical to the ones used in the first less successful Design I, the

impedance curve was similar to these earlier ones shown in Figure 8.

Thus, they need not be repeated here although some change was observed,

one reason being the different phase relationship between the loops.

Another point worth emphasizing is that even a small change in the distance

between the loops and the coaxial inner wall supporting the monopole

makes quite a change in the impedance. Finally the reactances of the

switching and push push traps are added in parallel to the loop impedances,

which also modify the total impedance somewhat. The characteristic

impedance of the feeding line leading from the individual loops to the

balun is now chosen such that a compression of the loop impedance curve

takes place (I00 ohm ). At the same time this value placed the im-

pedance curve slightly off center of the Smith chart. The final centering

was performed in the balun by chosing a section of the characteristic

impedance equal to 100 ohm and having a length equal to 2.5 cm, see

Figure 26. The final loop impedance as seen at the input of the balun

when loop 2 and 4 are activated and loop 1 and 3 deactivated is shown

in Figure 29, while Figure 30 shows the impedance in the opposite switch

position. They should of course be identical'and are except for the

very lowest and highest frequencies within a VSWR<2. A substantial

tuning of the loop impedances is possible by variation of the loop

capacitors, however very little impedance change was observed by varying

the height of the cavity provided the loops remained unchanged at the

bottom of the cavity.
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Figure 29. The input impedance at the balun with loop 2 and 4
activated and loop 1 and 3 deactivated.
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F. The Impedance of the Monopole

Monopole impedances are usually relatively simple to match within

a VSWR<2 with a 25% bandwidth. However, in the present case we did

indeed have our fair share of problems. They can be summed up by stating

that if the cavity surrounding the monopole was somehow shortcircuited (for

,oxaXpl - a' shown in Figire 31 by placing ,i-e,; frori the upper edqe A of !)1e

MONOPOLE

A _ _ _ _

SHORT CIRCUITING CAPACITOR
WIRES

B -

~LOOP

MONOPOLE MATCHING LINE
INPUT

Figure 31. The monopole is being matched by an adjustable
series capacitor and a section of 75Q transmission

line (strip line).

-ivit.y to the base B of the mooopole), the monopole impedance was "nice".

However, as soon as the short circuit was removed, the cavity essentially

could be viewed as a coaxial section short circuited at the bottom and

with the upper part being in series with the ground plane and the base

of the monopole. If the coaxial section is k/4 deep, the impedance

ft the upper edge of the cavity is very high, and since it is in series

with the monopole impedance makes the latter look very bad. On the other

hand, if the cavity is X/2 deep, a low impedance will be obtained at
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the upper edge, and the monopole impedance looks acceptable although

not as good as without a cavity.

Several attempts were made to shorten the X/2 deep cavity. The

most obvious was to load the cavity in some fashion, for example, as

shown in Figure 32, where a low impedance section has been introduced

LOADING
(CONDUCTOR)

Figure 32. The height of the cavity can be reduced by using
a low impedance section in the middle of the cavity.

in the middle of a cavity reduced to a depth of PX/3. This approach

did indeed produce an acceptable monopole impedance, however, the loop

impedance became so detuned that it was deemed beyond ever tuning

back to VSWR<2. Several degrees of loading was tried; however, the

problem was always with the loop impedances which was greatly "disturbed"

by anything on top of them, although they as reported earlier improved

by the presence of the inner coaxial section supporting the monopole.

It was seriously considered to load the cavity with a dielectric.

. However, merely placing dielectric slabs in the middle of the cavity

had only a minor effect on the monopole impedance, and filling the entire

cavity with, for example, wax was discarded since it would make any

adjustment of the loops rather cumbersome. However, for a production

model this approach would seem quite feasible.
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Another approach would have been to make the cavity quite shallow

(,rX/8). However, at this point we were running out of time, and we

consequently decided, at least for the time being, to stay with the
/? deep cavity in order to have "something that worked". Fortunately,

we (lid at the end of the contract return to the shallow cavity approach

as described shortly in Appendix B.

The actual matching of the monopole (see Figure 31) is obtained

by use of a series capacitor at the very input of the monopole in order

to reverse the impedance curve similarly to the loop case as explained

in Figures 6, 7 and 8. This is followed by a section nf 100 ohm transmission

line of length 1'0.4\. The capacitance is seen in Figure 31 as being

created between a screw extension of the "inner-conductor" of the feed

line and the inside of the monopole. It is adjustable by simply screwing

the monopole up or down.

The final impedance of the monopole referred to the edge of the

circuit board as shown in Figure 33. It has an acceptable USWR

in the first half of the desirable band while it is somewhat lacking

in the second half. However, we shall later see how this impedance

combined with the loop impedance can be improved to an acceptable level

over the entire band.

G. Combining the Loops and the Monopole

Horizontal Pattern

As was explained earlier the monopole and one set of loops now

has to be combined such that their fields add in the forward direction

and cancel as much as possible in the backward direction. This is illus-

trated in vectorial form in Figure 34 where the fields from the loops

and the monopole are denoted by FLoop and EMono, respectively.
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LOOP EMONO

EMONO

ELOOP

Figure 34. Phasor diagram showing the formation of the total
signal to the front (top) and the back (bottom) when

Emono and Eloop are in perfect phase but of

unequal magnitude.

For the two components being in perfect phase, the front to back

ratio becomes

FB = Lop EMono
ELoop - EMono

or

ELoop FB + 1 (2)

EMono = - 1

For a front to back ratio of 10 times (i.e., 20 dB), we must according

to Equation (2) require

EL°°P : 1.22 (3)

EMono

i.e., ELoop and EMono should be within 1.8 dB of each other.

Similarly we see from Figure 35 that if the two components ELoop

and EMono are equal in amplitude but differ in phase by M' the frnn'

to back ratio becomes
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ELOOP E MONO

E LOOP

Figure 35. Phasor diagram showing the formation of the total
signal in the front (top) and back directions (bottom)

for IlEmono! = ifloopl but imperfect phase

relationship.

FB= 1 (4)FB=sin L-M/12"

For FB=I0 (i.e., 20 dB) we obtain

L-M = 2 sin -1 0.1 = 11.60. (5)

As can be observed from the numbers calculated in Equations (3)

and (5), it is necessary to maintain a rather close tracking both in

amplitude and phase between the two fields radiated by the loops and

the monopole. Rather than obtain this in a trial and error way, we decided

to pursue this problem in a systematic way, namely, simply by measuring

the amplitude and phase difference of the far fields of the loops and

the monopole. The setup for this purpose is shown in Figure 36. A

stable transmitter checked by a frequency counter is connected to a

source antenna as well as a reference cable running to a network analyzer.

This was first connected to one set of loops at the balun input and
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* subsequently to the monopole. We recorded their relative amplitude

and phase difference as shown in Figure 37 over the entire frequency

band 1 to 1.25 GHz for every 20 MHz. If we would connect the loops

and the monopole to a common 3 dB hybrid, we would feed these two com-

ponents with 0 dB difference. As indicated in Figure 37, this design

would satisfy Equation (3) above only in the upper half of the frequency

band. If instead, however, a 4 dB coupler was used, we would as shown

in Appendix A obtain a difference in power level between the monopole

and loops of 1.7 dB, and as indicated in Figure 37 this would constitute

a reasonable compromise over the entire frequency band. Since 4 dB

hybrid does not appear to be readily available, we decided to make our

own rather than wait for a manufacturerer to make one for us. The entire

design and manufacturing only took us a day, and the details are given

in Appendix A.

We also note in Figure 37 that the average phase of the monopole

with respect to the loops differ by -900 as should be the case if we

use a 900 hybrid. We also observe, however, an average slope which

changes the phase r30 0 across the band from 1.00 to 1.25 GHz, which

ideally should not be the case. If we change the difference in the

feed cables from the hybrid to the loops and the monopole by one wavelength,

the average phase delay at the center frequency will remain -900 as

before, however, we will obtain an additional slope of+ o60 1250-1000
+ 360 1- = 80°(the sign depending on in which feed line we insert

the additional cable). Obviously, this will only make the phase-variation

across the band even worse. If instead we let the feed line length

differ by an additional half wavelength, the phase difference between

monopole and loops will be + 900 while the slope will be + 400. This

simply means that the beam will rotate 1800 which is trivial and a slight

improvement in phase slope across the band could be obtained resulting

in a better pattern. However, at this point considerable cable cutting

jhad already taken place and, anxious to see the combined pattern, we

decided to leave the results shown in Figure 37 as they were.
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These combined pattern (cardioid) are seen in Figure 38a, b and

c taken for every 20 MHz in the entire frequency range 1000 to 1250

MHz. To facilitate the inspection of these patterns we have in Figure

39 shown the front to back ratio. It is seen to exceed 15 dB in more

than the desired frequency band 1000-1250 MHz, and also to exceed 20

dB in the range 1040-1160 MHz. Also, observe that the low radiation

in the back remains quite low over a 900 broad sector which makes

directing the beam in finer increments than 900 superfluous. We finally

show in Figure 40a, b and c the total pattern for other sets of loops

activated by the switching traps as explained above. They are observed

to be very much like the first set in Figure 38a, b, and c except they

are rotated 900. Unfortunately time did not permit the balun to be

modified to switch the phase 1800, i.e., we did not take all four sets

of radiation pattern.

Vertical Pattern

All the horizontal patterns above were recorded at elevation angle

g8 above the horizontal plane. While this is considered a good average

value for an antenna mounted on top or bottom of an airplane, it is

of course of considerable interest to know the pattern in the entire

vertical plane. These are shown in Figure 41a, b and c; they are taken

in the vertical plane going through the front and back direction and

the polarization was parallel to this plane. Observe that the high

fro. to back ratio is maintained over a significant sector in the back

direction while the front direction is approximately 6 dB below the

peak, a well known fact resulting from the finite ground plane

(diameter = 4 feet).

Cross Polarization Pattern

Cross polarized patterns are always of interest; in particular

in the present case where we are trying to obtain low radiation in the

back direction to avoid interference. A complete set in the horizontal
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Loop 1+3 activated.
Vertical Polarization.

~62



30

-20
0

C)

c-

z
0
LA_

100 1100 1200 1300
FREQUENCY (MHz)

Figure 39. The FB-ratio as a function of frequency taken from
the measured pattern in Figure 38.

6

63



0 ~e i ' vlIo

5x hv'It o
or012.1d vi dv(, l P 1d tIOl

10



-- 116
0

Frqunce 110-00 Mz

1153018

A1 ___0



3-- 125
0

Frequncie 120-125 200z

-jt-- 40 V Crtical poatrnz ft heion.tena

66



. . ~~~~~~~~~ .. . .- .. . ... .. .- .. ._ ,... ._ .. .. .. .. .. . . . . . .. .
.  . ..  

. . . . . .. . . . . . .i

W000

I0
1040

1002
1020

HRIZON
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the plane of symmetry. Frequency 1000-1080 MHz. Loop

1+3 activated. Vertical Polarization.
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plane (actually 80 elevation) is shown in Figure 42 for every 50 MHz

in the range 1000-1250 MHz. The level in the back direction is seen

to be more than 20 dB below the parallel polarization in the front which

is considered very acceptable. Only in the side directions do we have

a level worse than 15 dB, however this is of little consequence since

the parallel pattern itself is only down around 6 dB with respect to

the signal in the front direction.

Gain

The measured gain of the new antenna with respect to a standard

IFF antenna used by the U. S. Navy (AT-740/A) is seen in Figure 43.

Considering that a "passing grade" is considered a tie between the two,

we must state that an average gain of r2 dB of the new antenna is more

than satisfactory.

VSWP of Final Antenna

We have earlier shown the VSWR of both the input of the monopole

and the input of the balun leading to the two sets of loops. These

are as explained earlier connected to a specially made 4 dB hybrid.

The input impedance of this hybrid connected to the monopole and the

balun is shown in Figure 44. Except for the first 15 MHz and the last

50 MHz the VSWR of the entire antenna is well within 2:1.

Effect of Flush Mounting

As pointed out earlier the monopole extends approximately 3/3"

above the ground plane and several attempts to get it below this level

was detrimental to the monopole impedance. However, during a meeting

at the ElectroScience Laboratory it was suggested by Messrs. Gerry Hart

and Paris Coleman from NRL, that perhaps a compromise could be obtained

if the diameter of the cavity was somehow increased at the very top.
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Figure 42. The cross polarized radiation pattern of the
cardioid pattern shown in Figure 38. Elevation 80.
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Figure 43. The gain of the new 1FF antenna measured with
respect to old 1FF antenna type AT-740/A.
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Figure 44. The impedance seen at the 4 dB hybrid connected
to the monopole and a pair of loops via the balun.
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To this end we modified the antenna and ground plane as indicated in

1, b1 i I , df tir ,*-,in . re n a'; ,,hown I,,, tne hroken 1 ine .

S--F . .EXTENSION

F i jt'ru V- Tho buildup of copper sheets around the 1FF antenli
making the monopole flush with the airplane skin.

W,- "jnre not too surprised by observing no significant change in the

inpedancp. However, we were particularly impressed by observing only

11ifoUt. chanqes in the radiation pattern as can be seen in Fiqure 15a

and 1) where the former shows the radiation pattern with the "build up"

,jround plane ind the latter the plain ground plane as before where the

monopole is protruidinq '1!2".

CONCLUSION

.0 have produced a flush mounted cavity antenna with a diameter

of 6" for tie frequency band 1000-1250 MHz. The radiation oDttern was

,i carJioid with a front-to-back ratio better than 15 dB in the entire

hand and better than 20 dB from 1040-1160 MHz. The beam can be directed

in four directions in the horizontal plane with 900 intervals. This

should be adequate considering that the 3 dB beam width in the forward

(lirection is + 600 and also that the width of the section in the hack

vieldinq low back radiation is roughly + 450. The level of the cross

polarized signal with respect to the parallel signal was 29 dB or nore
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Figure 46a. The vertical pattern of the IFF antenna with the
"buildup" as shown in Figure 45.
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Figure 46b. The vertical pattern of the IFF antenna without
the "buildup" as shown in Figure 45.
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below in the forward direction and lower or equal to in the back direction.

Finally, the gain of this new antenna was about 2 dB more than a monopole.

Thus, all in all we have produced a flush mounted antenna that very

much satisfied the design goals stipulated by NRL. We do regret that

the cavity was 5" deep (although no stipulation to this effect was given

in the contract). However, since some concern in this matter was raised

by Messrs. Gerry Hart and Paris Coleman at a meeting at ElectroScience

Laboratory, we decided (time permitting) to reduce the size of the

cavity. This effort is described in Appendix B. We may conclude that

this model having only a 2" deep cavity could quite possibly be made

workable with a somewhat reduced bandwidth (like 1000-1160 MHz). The

perfection of this antenna must await some time in the future.
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APPENDIX A

DESIGN OF A 4 dB HYBRID

As mentioned in the text we decided to make our own 4 dB hybrid

used to connect the monopole and the set of loops. The design of the

hybrid is described in Reference[?land is known as a transmission line

coupler using interleaved strips. Two couplers were designed and con-

structed with nominal couplings of 3.5 and 4.5 dB. Measurements of

the couplers using a network analyzer showed a coupling of 4.0 and 5.0

dB. These results were quite good considering that the strip lines

were not done photographically. Over the years the authors have become

proficient at using Scotch tape, a straight edge and an X-acto knife

in laying out microstrip and strip lines. The nominal dimensions of

the 4 dB hybrid are given in Figures A-l and A-2.
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S.---0.125 3M TEFLON
CIRCUIT BOARD

I O.010 RT DUROID

TWO STRIPS I TEFLON CIRCUIT BOARD

OVERLAP O.003

~h' 0.100

0.075 \--0O.010 RT DUROID
I TEFLON CIRCUIT BOARD

\- 0.125 3M TEFLON
CIRCUIT BOARD

Figure A-i. Edge view details of construction of 1125 MHz 4 dB
coupled-transmission-line directional coupler using

interleaved strips. All dimensions in inches.

80



0.20

*5091 -2.3 dB
LOAD 

-
0.075

1 2

I CONNECTORI

1 0I
-4dB -d- I IN

Figure A-2. Top view details of 4 dB hybrid.
All dimensions in inches.
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APPENDIX B

THE SHALLOW VERSION

After learning what and what not to do on the one half wavelength

deep cavity we briefly reinvestigated a shallow version of the antenna.

Our primary problem with earlier versions was that the cavity was about

one-quarter wavelength deep. Since the cavity impedance was in series

with the monopole's terminal impedance, (see text) it makes the total

impedance more reactive and changes rapidly as a function of frequency.

Another problem is the series resonant circuit formed by the inductance

of the horizontal part of the loop and the capacitance bet%.ccr tKc vertical

part of the loop and the inside wall of the cavity. The unfortunate

thing is that when the loops are properly matched the series resonance

occurs in the operating band. This resonance short circuits the cavity

making the cavity less deep. If the cavity is about one-half wavelength

deep a small change in the cavity depth changes the impedance of the

cavity a small amount. However, if the cavity is about one-quarter

wavelength deep a small change in the cavity depth will change the im-

pedance of the cavity a lot. Since the cavity impedance is in series

with the monopole impedance we do not want the cavity impedance to vary

a lot. Since we would like to avoid one-quarter wavelength deep caiities,

the depth of the cavity was reduced to about one-eighth wavelength.

A cross sectional view of this antenna is shown in Figure B-I. The

feed network for the loops was the same as the feed network of the one-

half wavelength version. No attempt was made to match the loop im-

pedance because the VSWR only deteriorated from 2:1 to 4:1 over the

band. The monopole impedance changed significantly and the impedance

was modified by changing the base capacitance, the top hat capacitance

and the monopole length. Figure B-2 shows the best impedance obtained.
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Figure B-2. Input impedance of the monopole of the
shallow cavity version.
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With the previous shallow version we had some difficulty obtaining

good patterns for the monopole and the loops. Figures B-3 and B-4 are

the new patternes obtained with the shallower version. In Figure B-3

one immediately notices that the patterns of the monopole are good except

at the band edges where the deviation from a perfect circle is + 1.5

dB. However, the loop patterns shown in Figure B-4 are not very good.

These patterns show an imbalance in the loops at the high end of the

band which is probably due to the feed network and/or the loops.

The impedance and pattern measurements indicate that the shallow

cavity version could be made to work but over a smaller bandwidth.

The smaller bandwidth is primarily due to the impedance of the loops

and monopole being harder to match. We feel the reduction in bandwidth

would be about 50 to 100 MHz.
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Figure B-3. Measured monopole pattern of the shallow cavity
version with the 4 foot diameter ground plane.

86

' ! !



FREQUENCY (MHO)1. - 1000

0 --05
- - 10

aa.

I2

I :>
14 igue -4.Meaurd lop aternof heshalowcaityverio

with he 4 oot iaergoudpn.

1cc

87


